Irrespective of the nature of the medium composition whether it is aqueous or nonaqueous, it is desirable that all potentials are referred to a common reference electrode such as the saturated aqueous calomel electrode (S.C.E.). In this respect, a few attempts were made for non-aqueous polarography1,2,3,4,5); on prolonged immersion of an aqueous saturated KCl salt bridge into a non-aqueous medium, a plug of solid potassium chloride formed on the tip of the bridge causes a significant increase in the resistance of the cell and an increase in the liquid junction potential5). This causes the potential to drift with time.
Special non-aqueous reference electrodes6, 7, 8, 9) are convenient but nevertheless it is unsatisfactory for the measurement in media of a series of different compositions.
In dimethylformamide (DMF), Given and Peover found that a mercury pool used as anode does not provide a stable reference potential in perchlorate solutions but does provide a stable potential in iodide solutions.
However, the presence of halogen ions must sometimes be avoided, because, for example, in a strongly acidic medium iodide ions are easily oxidized to iodine.
In conclusion, it is preferable to use an external refernence electrode such as S.C.E. which is furnished with a suitable salt bridge. In a previous work11), Fujinaga et al. have proposed a bridged S.C.E. as a reference electrode; the behavior of quinoline in DMF and DMF-water binary systems has been studied with exact comparison of potentials referred to a S.C.E.
In the present comunication, the characteristics of the bridge are described with special emphasis on the great utility of a bridged S.C.E. in determining the electrode potential in non-aqueous solvents.
Experimental
Chemicals. Dimethylformamide (DMF) and tetraethylammonium perchlorate (NR4 0104) were the same as described previously11). Other reagents used were all of G.R. grade. In order to examine the characteristics of a DMF-agar salt bridge, different DMF-agar salt bridges were constructed by changing the DMF content, (v,), the concentration of electrolyte, (C,), in phase 2 and the length of the compartment of phase 2, (L,), while the phases 3, 4 and 5 being fixed, as presented in Table I .
Potential
Measurements. Potential measurements were made with a Shimadzu Precision Potentiometer K-2 Type.
In order to study the potential chracteristics of the DMF-agar salt bridge, such a cell as shown in Fig. 1 was constructed. In Fig. 1 , the Htype polarog raphic cell was used to pill with a test solution (phase 1) which contains C1 M-NR4 C104 as an electrolyte in DMFwater media (v,% v/v of DMF). Phase 0 is an aqueous solution saturated with KCl which is connected with a S.C.E. Phase 2 is the DMF-agar salt bridge which is connected with another S.C.E., a bridged S.C.E.. The potential difference between the two S.C.E.'s was measured at one minute after the both phases 2 and 0 had been dipped into two compartments of the phase 1, except the case of the measurement of a potential drifting in which the bridged S.C.E. was dipped throughout the measurements. The potential difference of this cell is hereafter celled a bridge potential, E. Each time the bridge potential is measured, the test solution of phase 1 is renewed. In all cases , the KCl solution (Phase 0) of the right S.C.E., was allowed to flow out slowly (about 0 .03 ml/min) into the test solution (phase 1) in order to prevent the plugging of KC1 on the tip of the Phase (0), aq. sat. KC1 salt bridge ; (1), test solution of DMF-water containing NR4 C104 as an electrolyte ; (2), the DMFagar salt bridge (see Table  I 
Results
In preliminary experiments, the aging of the bridge potential was examined with various DMF-agar salt bridges. The phase 1 consisted of the same DMF content as phase 2 (v1 =v3) and of all 0.1M in NR4 C104 (C3 =0.1 independently of C2). Results are shown in Fig. 2 , in which the bridge potential, E, is plotted against the day (T) after the preparation of the DMF-agar salt bridge. In Fig. 2 , it can be seen that the bridge potential approaches to a definite value, E (T), within one month decreasing from an another definite value, E (T =0). The magnitude of the E (T =0) differs depending on the concentration of the electrolyte in phase 2 (curves (B), (B2) and (B3)) and on the DMF content (A), (B), (C) and (D)).
In parallel to this, the aging of the bridge resistance, between the left S.C..E.1 and the platinum wire inserted into the right compartment of the H-cell, was measured and is shown in Fig. 3 . In Fig. 3 , it is seen that the bridge resistance varies with time to a definite value in a similar fashion to the variation of the bridge potential.
In the second experiments, the influence of the electrolyte concentration on the bridge Table II . In the bridge A, it is seen the bridge potential in 100% DMF decreases with increase in C1 and this tendency is independent of the aging of the bridge (A (T=13) and A (T = 28)). Similar behavior was observed in solutions containing 70, 40
and 0% of DMF as can be seen in bridges B, C and D of the Table. In the bridges B and B3, it is also seen that the E increases with increase in C2 (C2= 0.5 in B and 1.0 in B3). These bridge potentials were plotted against the logarithmic ratio of the electrolyte concentrations, log(C2/C1), in each DMF content. Results are shown in Fig. 4 . This shows that a good linear relationship for the E' log(C2/C1) holds in each DMF content, and that the slope, dE/d log(C2/C1), increases with increasing DMF content. It can be also seen from Fig. 4 that the difference of 10% in the concentration of electrolyte causes the bridge potential to drift about 2 mV in a 100% DMF solution.
The third experiments were carried out to investigate the effect of the DMF content on the bridge potential, at a certain agingtime under the condition of C1=0.1. Experimental results obtained with various DMF-agar salt bridges are shown in Table III . It can be seen that the bridge potential increases in a similar way with increasing DMF content in phase 1 independently of the DMF content in phase 2 (bridges A, B, C and D involve v2 =100, 70, 40 and 0%, respectively), and increases with decreasing the v2 independently of the v1. The net change of the bridge potential caused by the change of the DMF content, E (v1, v2)-E(v1=v2), is indicated in the parenthesis in Table III , and these values are also plotted against the v1 as shown in Fig. 5 , curves (A), (B), (C) and (D) according to the respective bridge used. The value, E (v1, v2)-E (v1= v2), however, somewhat varies with the aging-time; the smaller is the change with the longer the standing. In Fig. 5 , it is seen that Table  IV .
In the Table, the second column denotes the bridge potentials when the bridge (phase 2) is dipped into the phase 1 which contains the same composition as phase 2 (v1= v2 and C1= C2), and third column the bridge potentials when dipped in 1 M NaClO4 aqueous solution (v1= 0). The difference between these bridge potentials, 4E = E(NaClO4) -E(v1= v2, C1= C2) , is shown in the last column of the Table IV , in which it is seen that the 4E increases with decreasing v2 . This inceresing tendency of the 4E with decreasing v2 is nearly in agreement with those of the first line (v1= 0) of Table III. In the last experiments, the potential drifting, when the bridged S.C.E. is being dipped in various DMF contents of phase 1, was investigated. The constancy of the bridge potential when the bridge is dipped into the test solution for a long time is important in respect to the usefulness of the bridge. Results are shown in Fig. 6 , in which the bridge potential is plotted against the minutes after the both bridges (phases 2 and 0) had been dipped in the phase 1 containing G1= 0.1, except the curve (B2-A) where phase 0 was dipped only when the cell e.m.f. is measured. In Fig. 6 , curves A2, B1, B2 and D show the change of the bridge potentials with time when the DMF content of phase 1 is the same as that in the bridge used (v1 =v2). In this case, it is seen that the change is less than 3 mV for 10 min standing. When a DMFagar salt bridge is connected with the electrolyte solution whose DMF content is different from that of phase 2 (v1 ~ v2), the bridge potential changes more than in the former case; a large variation is observed when the bridge B is immersed in a 100% DMF solution (curves B1-A and B2-A) or the bridge A is immersed in water (curve A-D). On the contrary, it is also observed that, when bridge B is connected with a 100% aqueous solution, the change is less than 5 mV (curve B-D) and that the bridge B, kept in the preserving solution (A) (100% DMF) over 30 min, shows little change when connected with a 100% DMF solution (curve A1). where e0, e1, e2, e3, e4 and e5 denote the junction potentials between each phases. The bridge potential E is the sum of these individual junction potentials E=e0+e2+e2+e3+e4+e5
In the preliminary experiments, the tip of the DMF-agar salt bridge always holds constant v, and C, as the tip is kept into the respective preserving solution containing v, and C,, and we used a fresh solution of phase 1 whenever the measurement is carried out.
Hence, the eo and e, are constants independently of the aging-time. The e.m.f. of the cell at T days after the preparation of the DMF-agar salt bridge, therefore, is expressed by At a certain aging-time, e8(T) is constant. In this condition, the bridge potential, E(C1, C2), when the concentrations of electrolyte in phases 1 and 2 are variant under the condition of v, =v,, is rewritten in the form E (C1, C2)=e0 (C1)+e1(C1, C2)+es (4) Here e1 (C1, C2) denotes the junction potential between both the phases where the concentration of electrolyte are C, and C, in the compartments 1 and 2 respectively. Equation (4) exhibits that the change of the junction potentials in changing the electrolyte concentrations is equal to the change of the measured bridge potential. In this discussion, considered is a transition layer in which a continous variation in the concentration of the electrolyte over boundary 1-2 exists. Under such a condition, the general equation for the junction potential can be written in the form As C1 = C1+ = C1-and C2 = C2+ = C2-, the equa-tion (8) is simplified as
•¬ (9) Substitution of eqn. (9) into eqn. (4) and succeeding differentiation by ln(G2/G1) yield
•¬ (10) Equatson (10) shows that the slope of the bridge potential against the logarithmic ratio of the concentration is proportional to the difference in transport number of the anion and the cation in the solution. The experimental result shows good linear relationship as shown in Fig. 4 . From Fig. 4 and the equation (10), the transport number of NR4+ and C1O4-can be computed. The results were represented in Fig. 7 . Now, eqn. (9) and the transport number thus obtained give us the junction potential ei(G1, G2), whose values are tabulated in the 4th column of Table V . On the other hand, the bridge potentials E at 30 days after preparation (nearly equal to E (Tc,)) are tabulated in the 5th column of Table V (see also Fig. 2 ). As can be seen from eqn. (3), the agreement of the both values means that the sum of the junction potentials eo and e3(T) is almost zero independently of the medium compositions of phase 1:
When the DMF contents are variant under condition of C2/C1= constant, the bridge potential is represented by E(v1, v2) = e0(v1)+e1(v1, v2)+ es (12) In this case, the same eqn. (5) holes : Table  I. 2) Bridge potential at T=0 in Fig. 2. 3) The last column in Table IV plus 2nd column in this Table, which corresponds to the sum of the junction potentials eo (NaC1O4), e1 (C1, C2), e3 (T=0), e4 (T=0) and e5 (T=0). 4) Calculated junction potential from eqn. (9) and Fig. 7 , at C2/C1= 0.5/0.1 for bridges A, B and C, and at 0.24/0.1 for bridge D. ** The e0(C1) is independent of the ln(C2/C1) when C1 is fixed. Since the KCl solution of high concentration is flowing into the low concentration of NR4 0104 at the junction 0-1, the small change in C1 alone would make the change in the eo(C1) negligible so far as v1= constant.
•¬ (13) Here, the the transport number ni is a function of the medium composition across the boundary 1-2. Integration of eqn. (13) and then rearrangement result in
•¬ (14) where e1(ƒÁ) is the term related to activity coefficient expressed by the equation
•¬ (15) In eqn. (15), when v1= v2, as n1+ = n2+. n1^ = n2~, r1+ r+2 and r1~ = r2-, the e1(r) becomes zero. Then eqn. (16) indentical to eqn. (9) is obtained.
•¬ (16) Replacing the bridge potential E(v1, v2) by E(v1= v2) when the measurement is carried out at the condition such as v1=v2, eqn. (12) is rewritten in the form
Subtraction of eqn. (17) from eqn. (12) and succeeding substitutions of eqns. (14) and (16) When a DMF-agar salt bridge is dipped into phase 1 which contains the same DMF content and the same concentration of the same electrolyte as phase 2, the junction potential e1 is zero. Hence, E(v1 v2, C1= C2) = eo(v2, C2) + e3 (19) Next, when the bridge is immersed into an aqueous perchlorate solution whose composition is the same with phase 3, the junction potential, e1(NaClO4), can be expressed by the following equation by combining eqns. (19) and (4) . ‡™ E = E(NaC1O4)-E(v1= v2, C1 =C2)=e1(NaC1O4) + ceo (20) where oeo = eo(NaC1O4)-eo(v2j C2). It is clear that the e1(NaC1O4) thus obtained is equal but opposite sign to the junction potential e2 at T= 0 between the phases 2 and 3. The experimental results are shown in the last column of Table IV . On the other hand, the bridge potentials E(T =0) which are transferred from Fig. 2 are tabulated in the 2nd column of Table V . Since the -e1(NaC1O4) value give exactly the diffusion potential e2(T=0), it is evident from eqn. (2) that the sum of these two is equal to the sum of the junction potentials eo (NaC1O4), e1 (C1, C2), e3 (T = 0), e4 (T=0) and e5 (T=O). These values are represented in the third column of the Table V .
Comparing the values of the third and fourth which is calculated from the transport number, it can be seen that the values eo (NaClO4), e3, e4 and e5 is negligibly small in every case:
The e0 (NaClO4) would be small, and then the sum of the e3, e4 and e5 would be also small. This means that the large potential of the DMF-agar salt bridge just after the preparation of the bridge is mainly attributable to the junction potential e2 between the phases 2 and 3 (see eqn. (2)). Since the sum of the diffusion potentials e3, e4 and e5 would be small also at infinite aging-time, the equation (11) can be rewritten in the form
The relation of eqn. (22) holds in each DMF content. This means that the junction potential eo is nearly equal but opposite sign to the diffusion potential e2 at infinite aging-time, i n each composition of the solvents.
II
. Recommended Reference Electrode (Bridged S.C.E.) for Non-Aqueos Soivemt. From the experimental results and the theoretical treatments described above, it has been clear that the recommended reference electrode to be used in non-aqueous voltammetry is the one having the construction shown in the following figure (see Fig. 6 ), and also it can be used for about one year when prepared according to the prescription described above with L2 = 5 cm. The length of a DMF-agar salt gell (L2) slightly affected the resistance of the bridge and the aging period; however, the potential characteristics were quite similar.
Similar experiments with other solvents than DMF are now being carried out to generalize the utility of the bridged S.C.E. of the same type.
Summary
A bridged saturated calomel electrode was proposed to be a stable reference electrode for the non-aqueous polarography. In the experiments, the aqueous S.C.E. was connected to the test solution through various aqueous and DMF agar salt bridges. Calculating the transport number of the electrolyte in DMF-water solutions from the potential measurement, the various liquid junction potentials were quantitetively discussed. In DMF solution containing tetraethylammonium perchlorate as a supporting electrolyte, the polarograms obtained by the recommended procedure are always free from the contaminations by KCl and water. The potential drifting was less than ±3 mV. And the potentials corrected for the bridge potentials res. the slow flowing-type aq. sat. KCl salt bridge were completely coincide independently of the aging of the DMF-agar salt bridges.
